Abstract
This showed that most erosion risk areas coincided with low vegetation cover surrounding the badland
Introduction

29
Maps of active erosion areas and areas at risk of erosion are of great potential use to environmental 30 (governmental and private) agencies, as they allow erosion prevention efforts to be concentrated in those 31 places where the benefit will be highest. There is no single straightforward method for assessing erosion,
32
and erosion evaluation is highly dependent on the spatial scale and the purpose of the assessment (Warren, 33 2002). For limited spatial scales (<100 ha), field surveys can provide an accurate means of analyzing 34 erosion damage (Herweg, 1996) . However, for focal area selection over larger areas other approaches that 35 integrate available spatial data need to be applied. Studies on erosion undertaken at spatial scales covering 36 local to regional areas (Vrieling et al., 2006) have provided both quantitative information (e.g., erosion 37 rates) and qualitative information (e.g., erosion risk areas).
38
Methods for evaluating erosion risk on catchment and regional scales (10 to 10,000 km 2 ) include the erosion, the resulting geomorphological dynamics are extremely active (Regüés et al., 1995; Nadal-Romero 91 et al., 2007) .
92
The objective of this study was to develop a method for identification and spatial analysis of areas of erosion. Thus, the classification used was directed at detection of areas where the substrate was exposed,
101
and spectrally similar areas were regarded as vulnerable to erosion.
One limitation of satellite images is that they are affected by radiometric interference including solar 127 rays and the atmospheric conditions. This problem is usually resolved in images of high temporal and 128 spatial resolution (e.g., NOAA-AVHRR) by the creation of multi-temporal compound images and filtration
129
( Gutman et al., 1995) . In the case of images with high spatial resolution (such as those of Landsat) and low 130 temporal frequency it is necessary to make more complex corrections.
131
In this study Landsat data (spatial resolution 30 m) from August 2006 were used because of the 132 lower frequency of cloud cover in this month (Fig. 1A) . The image was geometrically corrected using 133 control points and the algorithm developed by Pala and Pons (1996) implemented in the Miramon software,
134
which accounts for topographic distortion by incorporation of a digital terrain model (DTM).
The atmospheric effect on the electromagnetic signal was corrected using the radiative transfer code randomly distributed points were visually classified using aerial orthophotos (SIGPAC, 2003) .
168
Determination of the classification threshold for the construction of maps of active erosion and 169 erosion risk areas was based on the ROC curve, a method coming from the signal processing theory and 170 adapted to environmental applications afterwards (Beguería, 2006a) . The ROC curve is constructed by 171 calculating, for each classification threshold, the sensitivity and specificity of the resulting classification:
174 where a and d, respectively, are the true positives and true negatives, and b and c the false positives and 175 false negatives, respectively (Table 1) .
176
The sensitivity of the model is the proportion of positive pixels correctly predicted, or the probability 177 that a pixel belonging to a particular category is correctly predicted. The specificity of the model is the 178 proportion of negative pixels correctly predicted, or the probability that a pixel not belonging to a particular 179 category is correctly predicted. Thus, models with high sensitivity are characterized by ability to correctly predict positive pixels or pixels belonging to the category of interest, whereas models with high specificity 
The ROC curve method allows the degree of uncertainty associated with a specific classification 193 threshold to be determined. For identification of active erosion areas (badlands) a classification threshold 194 was fixed to be equal to the spectral distance for which the sensitivity of the model was 0.9, corresponding 195 to a 10% probability of an error of omission. For identification of erosion risk areas a classification 196 threshold was fixed that was equal to the spectral distance for which the sensitivity and specificity were 197 approximately equal. used to obtain spectral signatures for each thematic category (Fig. 4) . The badlands were characterized by
213
high brightness values for all bands, and had greater spectral variability.
214
Discrimination among the different spectral signatures was good with the exception of band 5
215
(SWIR), where the values for average reflectivity of badlands, scrubland, and grassland were very similar.
216
Because of the response of Landsat band 5 to variation in soil moisture and vegetation biomass (Chuvieco, 217 1996) , it is likely that in August 2006 the badlands and scrubland, and to a smaller degree the grassland, had 218 similar moisture conditions. In the badland areas of the sub-humid climate zone, the lack or sparseness of 
226
The contingency matrix obtained for the sampling areas, using the maximum likelihood 227 classification algorithm, showed that all categories had a 90% success value ( A land cover map was obtained from the classification algorithm (Fig. 5) , and validation using the 234 independent random sample showed a global reliability of 81.83%. The grassland category was the worst 235 discriminated, with an omission error of 14.04% (sensitivity = 0.860 and specificity = 0.742) ( and grass bordered areas classified as badlands (Fig. 6 ). This spatial distribution suggests that there is a 243 progressive transition between eroded areas and forest. 
Maps of Badlands and erosion risk areas
246
Once the image classification procedure had been validated, identification of badlands and risk 248 erosion areas was performed by using only the spectral distance map generated in the initial classification,
249
showing the badlands category (Fig. 7) . The map of spectral distance is an intermediate requirement in the 250 process of supervised classification, and is used to assign each pixel to the category of greatest similarity
251
(smaller spectral distance). However, as the main focus of this study was on a single category, a more 252 precise result was obtained using the map of spectral distance in conjunction with a user-determined 253 classification threshold. The spectral distance as determined by the maximum likelihood method has the 254 advantage of not using the linear or euclidean distance between the centers of the spectral signatures, but to 255 be based on the variance/covariance matrix among all spectral signatures, thus resulting in a much more 256 precise distance statistic.
257
The ROC curve for the badlands had a medium-to-high discrimination capacity (Fig. 8) . The ROC 
264
We selected a model with a high specificity (0.900) to minimize commission errors (false positives).
265
This is a common approach in statistical analysis, equivalent to selection of a confidence level of α = 0.1.
266
For the spatial delimitation of erosion risk areas a classification threshold value was chosen that resulted in
267
approximately equal values for sensitivity and specificity (0.750 and 0.710, respectively).
268
The application of both classification thresholds to the map of spectral distance for the badlands 269 category allowed producing maps for the active erosion and risk erosion areas (Fig. 9) as erosion risk areas.
277
The DTM morphological analysis showed a predominance of north (33%) and south (45%) 278 orientations over the study area (Fig. 10A) . The badland areas occurred predominantly on hillsides oriented 279 to the north (44%), whereas the erosion risk areas had a distribution similar to the total study area ( north orientation should be a focus for erosion risk mitigation efforts.
289
The frequency distribution of the slope in each category was also analyzed (Fig. 11) , but there were 290 no significant differences among the badlands, erosion risk areas, and the total study area. 
Conclusions
293
This study has demonstrated the utility of remote sensing and GIS techniques in basic and applied 295 geomorphological research, both at watershed and regional scales (study areas between 10 and 10,000 km 2 ).
296
The use of a supervised classification method using the maximum likelihood algorithm on a set of a priori Finally, DTM was found to be a useful primary tool for morphological exploration of active erosion 313 areas and erosion risk areas. In the study area, asymmetry in the development of badland areas was deduced 314 from the orientation, with more development of badlands on shady hillsides because of weathering. In 315 contrast, hillside slope did not appear to have a significant effect on badlands formation in the study area. 
